Carbon xerogels can be synthesized by microwave-assisted heating. The transfer of this technology to an industrial scale passes through the optimization of the variables that affect the process. The effect of the main operational variables, i.e., initial volume of the precursor, gelation and ageing time and temperature of the synthesis, on the final porous properties of carbon xerogels has been evaluated. It was found that the development of porosity in the carbon xerogels synthesised in the microwave oven is hardly influenced by the increase in the initial volume of the precursor solution. This suggests that it is feasible to scale up the production of these materials by means of microwave heating.
take place during the synthesis of the organic xerogels [38] . In this study, a microwave device equipped with a power meter was used to measure the amount of energy consumed by the equipment during the gelation and ageing stages (t g-a ) as explained elsewhere [38] .
Preparation of the carbon xerogel
Carbon xerogels (CX) were obtained by the pyrolysis of organic xerogels (OX). The operational conditions were fixed as reported elsewhere [39] . Briefly, the pyrolysis processes were performed in a horizontal tubular furnace at 700 ºC under a nitrogen flow of 500 ml/min. The residence time was 2 hours and the heating rate was set at 50 ºC/min.
Porous texture characterization
The porous texture of the organic and carbon gels was characterized by the analysis of nitrogen adsorption-desorption isotherms at -196 ºC using a Micromeritics Tristar 3000 instrument. The specific surface area (S BET ) was evaluated by means of the BET equation, the micropore volume (V DUB ) was determined by applying the DubinninRaduskevich method to the nitrogen adsorption isotherms and the pore volume (V P ) was calculated from the volume adsorbed at saturation point.
Statistical study
The response surface method (RSM), in the form of central composite design (CCD), was applied in order to evaluate the effects of two of the synthesis conditions selected: temperature and t g-a . The experimental design approach and the response surface method were applied by using Design-Expert 8.0.7.1 Trial software. The experiments were randomized to validate the statistical results. The micropore volume (V DUB ), pore volume (V P ) and pore size (D P ) were selected as the responses of the system while the two process parameters, temperature and t g-a , were fixed as input variables.
Sample nomenclature
Throughout the paper, the samples were labelled as follows. The letters OX and CX refer to the organic and carbon xerogel, respectively. These are followed by three different numbers separated by hyphens that correspond respectively to: i) the initial volume, ii) gelation and ageing time and iii) temperature of synthesis. For example, the label CX-200-6000-75 corresponds to a carbon xerogel synthesized from 200ml of precursor solution at a t g-a of 6000 seconds at 75ºC.
Results

Influence of the initial volume of precursor solution
The nitrogen adsorption-desorption isotherms of the organic xerogels prepared using different initial volumes of precursor solution with a pH of 6.5, and their carbonised counterparts are shown in Figures 1a and 1b, respectively. The samples shown were synthesized at a t g-a of 10000 seconds at 85ºC in order to ensure completion of the gelation and ageing stages. The adsorption-desorption isotherms of the carbonised samples correspond to an isotherm combination of type I and type IV according to the IUPAC classification, indicating that they are micro/mesoporous materials (Figure 1b) . These samples exhibit the same trend as their corresponding organic xerogels (Figure 1a) . That is to say CX-30-10000-85 presents the least developed structure and samples CX-200-10000-85 and CX-3000-10000-85 exhibit similar porous structures, as can be seen from Table 1 . Figure 2a and Figure 2b show marked differences between the pore size distribution of the organic and carbon xerogels. Thus, the micropore volumes increase notably after carbonization, whereas the mesopore size distributions seem to be narrower, although for all samples, the average pore diameter is around 8-9nm.
The fact that samples synthesized from 200 and 3000ml of precursor solution exhibit similar porous structures favours the transfer of microwave-assisted technology for the production of carbon xerogels to an industrial scale. However, a study of the energy consumed by the microwave is needed to perform the scaling-up. In this work, the amount of energy consumed throughout the gelation and ageing stages (t g-a ) was measured by a power meter connected to the microwave device. Greater initial volumes of precursor require a higher energy supply for the gelation and ageing stages to be completed, due to the fact that a longer time is needed to reach the programmed temperature, as can be seen from Table 2 . Nevertheless, the microwave energy consumed per volume unit decreases as the initial volume of precursor increases.
Initially, as the energy consumed per volume unit decreases, the development of porosity enhanced. However, a decrease to below 1100kJ/l in the amount of microwave energy consumed will not lead to any further development of porosity. Therefore, in order to optimize the synthesis process the optimum ratio between the energy consumed per volume unit and the porous structure obtained needs to be established.
Influence of gelation and ageing time
Figures 3a and 3b show the N 2 adsorption-desorption isotherms of the carbon xerogels synthesized at 75ºC and 85ºC, respectively, for three different values of t g-a . All the isotherms are a combination of type I and type IV according to the IUPAC classification, indicating that these samples correspond to micro/mesoporous materials.
The curves are almost superimposed up to a relative pressure of 0.4, indicating that all the samples have a similar microporosity. At both synthesis temperatures, the isotherms of the samples with a t g-a of 6000 seconds exhibit an increase in the volume of nitrogen adsorbed at relative pressures above 0.8, which results in materials with a higher volume of mesopores. The accumulative energy consumed by the microwave device was measured as a function of gelation and ageing time (t g-a ). As mentioned elsewhere, the representation of energy consumed vs. time allows the gelation point to be established [38] . This time was also determined by visual observation. Both values are presented in Table 3 . From these data it can be inferred that, under the conditions studied, the gelation times recorded visually were larger than those obtained by measuring the energy consumption. This is due to the fact that the transition from sol to gel occurs gradually, making visual determination very difficult and inaccurate.
All the samples studied were subjected to an exclusive drying stage at 85ºC after synthesis, until a mass loss of more than 50% was achieved. The time needed for drying is also provided in Table 3 .
Influence of synthesis temperature
The main porous properties of the carbon xerogels synthesized at 75ºC and 85ºC for three different values of t g-a are reported in Table 4 . The porosity of the samples is not greatly affected by the temperature variation studied in this work, i.e. 10ºC. This may be due to the fact that there was no significant variation in the gelation point with the variation in temperature: 1320 and 900 seconds at 75 and 85ºC, respectively ( Table 2 ).
As mentioned above, temperature and t g-a are not independent variables in relation to porous textural properties. Hence, the possible interaction between these variables was evaluated by applying the response surface methodology approach.
Response surface methodology (RSM) and statistical analysis
The implementation of RSM allows the interaction between temperature and t g-a and their effect on the main porous properties to be evaluated with a minimum number of experiments. An analysis of variance (ANOVA) for each response was performed in order to determine whether the model selected was sufficiently significant to fit the experimental results. The central composite design was used as the experimental design.
The significance of each input variable and its interaction was determined by evaluating the p-value. If p-values are smaller than 0.05 the corresponding variable will have a significant effect on the response. In this study, the RSM statistical analysis showed an adequate fit of a quadratic function type.
Effect on the microporosity
The ANOVA results applied to microporosity indicate that time and temperature were important factors in the model. However, the interaction between these two variables was not an important factor as the p-value was 0.2432. An R-squared value of 0.9952 was obtained, which is very close to the predicted R-squared value of 0.9477, indicating the adequacy of the model. Figure 4 shows the contour line plot corresponding to the effect of t g-a and temperature on the microporosity. From the contour plot it can be inferred that, under the conditions studied, t g-a has a greater effect than the variation in temperature.
Effect on the total pore volume
The model was also found suitable for the total pore volume. An R-squared value of 0.9881 was obtained, which is very close to the predicted R-squared value of 0.8403 again indicating the adequacy of the model. The p-values obtained show that temperature is not a significant model term, while the second order effect of t g-a is an important factor that affects the model. In fact, the total pore volume increases by 40% when the time is increased from 2000 to 6000 seconds. Then it decreases when time is increased to 10000 seconds. Figure 5 shows the effect of both time and temperature on the total pore volume.
Effect on the mean pore size
The ANOVA results applied to the mean pore size indicate that t g-a and its second order 
Discussion
The transfer of microwave-assisted technology for the production of carbon xerogels to an industrial scale requires the study of the effect of the operational variables on the final porous properties of the material.
Using 30ml of precursor solution leads to a less developed material than that obtained with higher volumes of solution. This may be due to the excess of power used in the microwave oven for such a small volume of precursor solution. However, samples synthesized from 200 and 3000ml of solution exhibit isotherms that are almost superimposed, suggesting that the development of porosity can be fully controlled even with a high initial volume of precursor solution. In addition, the development of porosity in these carbon xerogels with microwave heating is analogous to that obtained in a conventional oven, as already reported in previous works [29] .
Furthermore, by decreasing the energy consumed per volume unit it is possible to enhance the porous development of the samples. But the fact that the samples synthesized from 200 and 3000ml exhibit a similar porous structure indicates that a decrease to below 1100kJ/l in the microwave energy consumed will not lead to any further development of porosity. From these results it can be inferred that it is possible to synthesize a high amount of xerogel using less microwave energy and at the same time maintain the structural properties. This will result in a reduction in energy costs and a more competitive process. Thus, the application of microwave-assisted synthesis of carbon xerogel on an industrial scale appears feasible provided the energy consumed per volume unit is correctly chosen.
When these samples were carbonised their microporosity increased, whereas the mesopore volume decreased. These results are in accordance with those of previous works where it was demonstrated that during carbonization volatiles are released, leading to the formation of new micropores and to the reduction in size of some pores owing to the partial collapse of the pore structure [2]. The combination of both factors (micropore formation and the decrease in mesopore size) led to an increase in microporosity and a narrower mesopore size distribution, both in the case of the conventional carbon xerogels widely presented in the bibliography and in the case of the carbon xerogels obtained by microwave heating presented in this work.
Since the samples synthesized at pH of 6.5 from a 200ml initial volume of precursor exhibited a well-developed porous structure, this value was chosen to study the influence of the gelation and ageing time (t g-a ) and temperature of synthesis. For both synthesis temperatures, 75 and 85ºC, the samples with a t g-a of 6000 seconds exhibited the highest volume of mesopores. The maximum porous development was achieved when the time, t g-a , was fixed at an intermediate value. This can be attributed to the microwave energy consumed during the synthesis process, as explained below.
The amount of energy consumed by the microwave device varies depending on the dielectric properties of the material to be heated [37] . In the case of organic gels synthesis, these dielectric properties change during the process and therefore the energy consumed by the microwave oven depends on the stage of synthesis [38] . In the present work, the accumulative energy consumed by the microwave device was measured as a function of gelation and ageing time (t g-a ). Given that the representations are similar for all the xerogels studied, only the one corresponding to sample OX-200-10000-75 is shown here as an example (Figure 7 ). seconds for the samples synthesized at 75 and 85ºC, respectively, as shown in Table 3 ).
Under the conditions established for this study, the gelation times obtained visually are longer than those obtained by measuring the change in the slope of energy consumption because the transition from gel to sol occurs gradually and is difficult to determine visually. This phenomenon is consistent with another published study where differences in the gelation time obtained by rheology and visually were reported [34] . However, the methodology followed in the present work allows the gelation point to be determined inside the synthesis device, i.e. without the need for any additional technique.
According to the changes in slope shown in Figure 7 , a t g-a of 2000 seconds is not long enough for the crosslinking and the secondary reactions to be concluded. The result is a material with poorly connected primary particles and small weakly linked aggregates of nodules [33] . During the drying stage the material cannot withstand the surface tensions and probably undergoes further shrinkage [2] . These samples, regardless of the synthesis temperature, correspond to an unstable material with weakly linked clusters.
During drying the shrinkage increases and the carbonised materials exhibit a porous structure that is less developed than the porosity of those synthesized for a longer time (Figure 3) Once a stable solid material is obtained, it is necessary to remove the solvent by drying.
However, during the synthesis process itself, partial evaporation of the dissolvent occurs while the ageing process continues. At this point, when the ageing stage and partial evaporation are taking place simultaneously, more energy is required to maintain the programmed temperature [29] . This phenomenon is consistent with Figure 7 , where a change in slope appears at around 58 minutes (i.e. 3500 seconds). During the partial evaporation of the solvent the material undergoes shrinkage. The longer the partial evaporation stage lasts, the greater the shrinkage of the material, as a consequence of which the volume of mesopores decreases. This is also in agreement with the nitrogen adsorption-desorption isotherms shown in Figure 3 , where samples synthesized for 6000 seconds show a higher mesoporosity development than those synthesized for 10000, regardless of the synthesis temperature.
It should be noted that, although ageing and partial drying occur simultaneously, all the samples studied were subjected to an exclusive drying stage at 85ºC after synthesis, until a mass loss of more than 50% was achieved. The time needed for drying depends on the ageing time, and consequently on the t g-a . High values of t g-a lead to materials with more strongly linked aggregates [33] . The structure of these stable solid materials impedes the evaporation of the solvent, with the result that the drying time needs to be longer (Table 3) .
Regarding the influence of the synthesis temperature, it can be concluded that the porosity of the samples is not greatly affected by the temperature variation used in this work, i.e. 10ºC. These results are in agreement with those reported by Job et al. (2006) where no significant influence on the final properties of carbon xerogel synthesized from a precursor solution with a pH of 6.5 was observed when the temperature was increased from 70 to 90ºC in a conventional oven.
The fact that a change in temperature of 10ºC has no effect on the final porous properties is due to the non-significant variation in the gelation point, as shown in Table   2 . These results were corroborated by the implementation of RSM, which showed that the interaction between these variables had a negligible effect on the porous properties under the synthesis conditions studied.
With respect to the porous properties, only a very slight effect on the microporosity was observed in the range of t g-a and temperature of synthesis studied. These results are in accordance with other studies reported where no increase in microporosity development occurred when the synthesis conditions were modified in conventional synthesis [35] .
The effect of the variables studied was a little more pronounced in the case of the total pore volume, which increased by 40% with the increase in time from 2000 to 6000 seconds. The pore size range of all the samples studied was between 7 and 10 nm and therefore the effect of both input variables on the pore size can be considered negligible.
These negligible effects on the porous properties, when the time and temperature of synthesis vary, represent a great advantage for scaling up the production of carbon xerogels.
Conclusions
The influence of the operational variables on the final porous properties of carbon xerogels was studied. The results show that by means of microwave-assisted synthesis it is possible to synthesize organic xerogel from 3000ml of precursor solution, and produce a material with a well-developed and controlled porous structure. Furthermore, if a higher volume of precursor solution is used, the energy consumption per volume unit was lower than that needed for smaller initial volumes of precursor solution.
The time needed to complete the gelation and ageing stages plays an important role in the final porous properties. Both short and long times, i.e. 2000 and 10000 seconds, respectively, lead to materials in which the carbon structure collapses and the development of porosity decreases. Optimization of the gelation and ageing time seems to be the key to controlling porosity.
Furthermore, the porous properties of carbon xerogels prepared by microwave synthesis show little susceptibility to the temperature variation in the range studied, i. e. 75-85ºC.
Very little interaction between temperature and gelation time was observed in the operating conditions studied. All of the results obtained indicate that the synthesis of carbon xerogels by microwave radiation produces materials analogous to those obtained by conventional synthesis, via a process that is considerably more cost-effective, as only one device and moderate conditions are needed. Thus, the production of carbon xerogels on an industrial scale appears feasible. 
